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do ; Abstract 

o: 

■ In this article, we study the final-state rescattering effects in the decay 

. — > rjcK*, the numerical results indicate the corrections are comparable 
with the contribution from the naive factorizable amplitude, and the total 
' amplitudes can accommodate the experimental data. 
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CIh 1 Introduction 

I) : 

I— — 1| The nonleptonic decays of the B meson have attracted much attention in studying 

^ I the nonperturbative dynamics of QCD, final-state interactions and CP violation. 

>■ ' The exclusive B to charmonia decays are of great importance since the decays B 

^ ■ J/tjjK,r]cK,XcjK are regarded as the golden channels for studying CP violation. 

^ . The quantitative understanding of those decays depends on our knowledge about 

! the nonperturbative hadronic matrix elements of the operators entering the effective 

^ I weak Hamiltonian. The B factories (BaBar, Belle, etc) have measured the color- 

QQ ' suppressed decays to a charmonium and a K (or K*) meson with relatively large 

O ■ branching fractions [1], for examples, Br(B° J/^pK^) = (8.72 ± 0.33) x 10"^, 

> : Br(B+ ^ 3/^/jK+) = (10.07 ± 0.35) x 10-^ Br(B° r]^K^) = (9.9 ± 1.9) x 10-^ 

: Br(B+ r]^K+) = (9.1±1.3) x 10~^ Br(B° r/cK*°) = (L6±0.7) x 10-^ etc, which 

^ I take place through the process b sec (or more precise b — > sec, they relate with 

■ - - ' each other by charge conjunction, in this article, we calculate the amplitudes for the 

process b — >■ sec, then take charge conjunction to obtain the branching fraction.) at 
the quark-level. 

Recently, the BaBar Collaboration measured the processes B^ rj^K*^ , B^ 
T]c{2S)K*^, 5° h^K*^, 5+ ^ h^K+ and r]c{2S) ^ KKn from the 5-decays to 
{KK'k)K^, {KKt[)K*^, rjc'jK'^ and r]c'jK*^. The branching fractions are Br(B° — > 
?7cK*°) = (5.7 ± 0.6 ± 0.9) X 10-^ Br(BO ^ r/c(2S)K*0) < 3.9 x 10'\ Br(B+ ^ 
heK+)Br(hc r]^-f) < 4.8 x 10"^ and Br(B° ^ hcK*°)Br(hc ^ T]^-f) < 2.2 x 10~^ at 
the 90% C.L. [2J. 

The decays B ^ J / ipK, rjcK, XcjK have been calculated with the QCD-improved 
factorization approach [31 H], there are infrared divergence in vertex corrections and 
logarithmical divergence in spectator corrections beyond the leading twist approx- 
imation for the S'-wave charmonia and in the leading twist approximation for the 
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P-wave charmonia, moreover, the predicted branching fractions are too small to 
accommodate the experimental data [SI El H El El ED]- The decay B — > J/ipK* has 
also been studied with the QCD-improved factorization approach, the factorization 
breaks down even at the twist-2 level for transverse hard spectator interactions [TT] . 

In Refs. [Ill [131 E] > the soft nonfactorizable contributions in the decays B 
J/ipKjXcoKyXciKyTjcK are studied with the light-cone QCD sum rules, the pre- 
dicted small branching fractions cannot accommodate the (relatively large) experi- 
mental data. 

In Ref ■ [T5] . the authors study the decays B J/ipK, XcoK, XaK, rjcK, J/ipK*, 
XcoK*, XciK*, r]cK* with the perturbative QCD approach based on fc^ factorization 
theorem, and the branching fractions Br(B Vc^) Br(B'^ ?7cK*°) (2.641^2 58 ^ 
10~^) are too small to take into account the experimental data [2J. 

Final-state interactions play an important role in the hadronic i?-decays, the 
color-suppressed neutral modes such as B^ D'^tt^ ,^^71^, p^7r^ , K^ir^ are enhanced 
substantially by the long-distance rescattering effects [16]. In Refs. [T71 [18], the 
authors study the rescattering effects of the intermediate charmed mesons for the 
decays B^ XcoK~ , hcK~ and observe the final-state interactions can lead to larger 
branching fractions to account the experimental data. The factorizable amplitude 
in the decay 5^ i]cK* is too small to accommodate the experimental data [2], so 
it is intersecting to study the effects of the final-state interactions. 

The article is arranged as: in Section 2, we study the final-state rescattering 
effects in the decay B^ —>■ rjcK*; in Section 3, the numerical result and discussion; 
and Section 4 is reserved for conclusion. 



2 Final-state rescattering effects in the decay 

The effective weak Hamiltonian for the decay modes h —>■ sec can be written as (for 
detailed discussion of the effective weak Hamiltonian, one can consult Ref.jlQj) 
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where V^j's are the CKM matrix elements, Cj's are the Wilson coefficients calculated 
at the renormalization scale fi ~ 0{mb) and the relevant operators Oi are given by 



01 
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^8(10) 



[Saba)v-AiC/3Cp)v-A , 
[Sabi3)v-A{Cl3Ca)v-A , 

g 

[Sabl3)v-A '^{qi3Qa)v-AiV+A) , 
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Q 

Sab/3)v-A ^ eg(^/3Q'a)y+yl(y-yl) , 



(2) 



a and /5 are color indexes. We can reorganize the color-mismatched quark fields into 
color singlet states by Fierz transformation (for example, O2 = |Oi + 20i, Oi = 



' — 0)v-A 

amphtude 



(s— 6)v'_a(c— c)v-A; -^"'s are the Gell-Mann matrices), and obtain the factorizable 



(^c(P3)|c7^(l - i,W){K*{p,)\sr{l - i,)b\B{P)) 



V2 



(3) 



where we have used the standard definitions for the weak form-factors (we write 
down all form-factors to be used in this article) [20l [2T] , 



{D{p)\s^,{l-^,)b\B{P)) 
{V{p)\s^,{l-^,)b\B{P)) 



{P + p),F,{q') - ^^,^^ .[Fi(g^) - Fo(g^)] 



le 



vaf) * 



^iPaPp 



2Mvq ■ e* 



q ■ t 



Mb + My g2 

{MB + Mv)Ai{q^) + 



g2 



q ■ e 



A2{q') 



Mb + M^ 



(4) 



the is the polarization vector of the vector meson and = P^—p^. In this article, 
we use the value of the B — > K* form- factor AQ{q^) from the light-cone QCD sum 
rules 



Ao{q') 



1.364 



0.990 



1 - gVM| 1 - gV36.78 
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The factorizable amplitude (see Eq.(3)) at the tree level is too small to accommodate 
the experimental data. 

The decays 5° DD^, DD*, D*Ds, D*D* are color enhanced due to the large 
Wilson coefficient C2, 

{DMD*{p)\H^\B{P)) = V2GFV,,V:^{C2 + ^)P-t*fDMD,A,{q^), 

{D:{q)D{p)\H^\B{P)) = V2GFV,,V:,{C2 + ^)P-e*fn*Mn*F,{q'), (6) 

we write down only the amplitudes appear in the final expressions. In the heavy 
quark limit, the weak form-factors AqIq'^) and Fi{q^) can be related to the universal 
Isgur-Wise form-factor ^{oj) ^23j . 



2^/MbMd 



2MbMd 



Mb + Md*_^ f Ml + Ml. - q^ 



2^MbMd* 



2MbMd* 



(7) 



where ^(cu) = (y^)^) which is compatible with the experimental data for the 
semileptonic decays B D*{D)lvi [24J. 

The decay B^ VcK* can also take place through the decay cascades B^ 
DDs, DD*, D*Ds, D*D* ^ r]^K\ the rescattering amplitudes oiDD,, DD*^, D*Ds, 
D*D* —>■ rjcK* may play an important role. 

The final-state interactions can be described by the following effective lagrangians, 



c,.D*D = -ig,.D'DVc [d^DD*; - D^d^D^] , 

AeD-D. = gr,^D'D*e^'"'^r,,d^D*Jd^D}, 

Cddv = -tgDDvDldf^D^iYn], 

Cd*dv = -2fD*Dve^''''^{d,Y,yADldaD;^ -D*;^^D^ 



(8) 
(9) 

(10) 

(11) 



£d*d*v = igD*D*vDpd,Dl^{'^n] + ^^fD*D*vD:l{d>^N'' -d^Y^^))Dl^ 

where the indexes i,j stand for the fiavors of the light quarks, /}(*) = (!)(*)'', 
\T Y -g ^YiQ 3x3 matrix for the nonet vector mesons, 



V 



\ K*- 



(13) 



The lagrangians Cddy-, C,d*dv and Cd*d*v are taken from Ref . [TB] . and the CjjcD'D 
and £r)c-D* D* are constructed from the heavy quark theory in this article. In the heavy 
quark limit, the strong coupling constants fo'DV, fD*D*v, guDV and gD*D*v can be 
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related to the basic parameters A and (3 in the heavy quark effective Lagrangian (one 
can consult Ref . [25J for the heavy quark effective lagrangian and relevant parameters, 
we neglect them for simplicity), 

r _ fD*D*v _ ^gv 

f^3v .... 
9DDV = gn-D-v = , (14) 



where gy = 5.8 from the vector meson dominance theory [26j. The strong coupling 
constants Qr^^o'D and gn^D*D* are estimated with the universal Isgur-Wise form- 
factor at zero recoil .^(1) and the assumption of dominance of the intermediate rjc 
meson for the pseudoscalar heavy quark current ci'j^c, 



9vcD*D 



2mc M„ 



fric fric 



The rescattering effects can be taken into account by twelve Feynman diagrams, 
see Fig.l. We calculate the absorptive parts (or imaginary parts) of the rescattering 
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amplitudes Abs(i) by the Cutkosky rule, Abs(i) = Abs(i)^VcbV;* (C2 + 
avr^ik/fi J 



t-Ml 



P2 ■ e^p2 ■ e^q ■ ei , 



Abs(c) = - y C?^^ [fDMD*g,.D*D*fD^DvA,{pl)] 

Abs((i) = - ^^ajvf^ / [fDtMD*g^^D'D'fD*DvFi{pl 



e^^'^-('e^'^''''''p,,e,,P2aq,'Pia'P2p' 



[-fl-D-D-m ■ £4^1 ■ e*(g)e(g) ■ eaPi ■ 
-2fD'D'vPA ■ (^2Pi ■ 4Pi ■ e*(g)e(g) ■ 4 
+2/D*D-m ■ e(g)pi ■ e*(g)pi ■ 6*^62 ■ el] , 

[-9d*d*vP2 ■ elpi ■ e*{q)e{q) ■ eaPi ■ 

-2fr)-D'vPA ■ (^2Pi ■ e*2Pi ■ e*(g)e(g) ■ el 

+2fD*D'vPi ■ e{q)pi ■ e*{q)pi ■ 6^62 ■ el] , 
Abs(^) = -Ahs{h) (in SU(3) limit) , 
Abs(?:) = -Abs(j) (in SU(3) limit) , 

Abs(A;) = -Abs(Z) (in SU(3) limit) , (16) 

where pi is the 3-momentum of the on-shell intermediate mesons D, D* , Ds, D* in 
the rest frame of the B meson, for example, in the process D*{pi)Ds{p2) —>■ 

rjc{pz)K*{p4), t = g^, q = Pi~Pz =Pi—P2^ is the polarization vector of the vector 
meson i. The off-shell effects of the t-channel exchanged mesons D, D*, Dg and 
are taken into account by introducing a monopole form-factor fT6] , 



^(M„t)= (17) 



and the cutoff Aj are parameterized as 

Ai = Mi + aAqcD , 
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where a is a free parameter and Aqcd = 0.225GeV. In fact, the gsJ-'{Mi,t) are the 
momentum dependent strong couphng constants, we can vary the parameter a to 
change the effective strong couphngs, here we use the notation Qs to denote all the 
strong coupling constants. 

The dispersive parts (or real parts) of the rescattering amplitudes can be obtained 
via the dispersion relation. 



where the thresholds Sth are given by Sth = {Md + MdiY , (M^. + M^J^, (Md + 
Md^Y, {Md* + Md*Y for any specific diagram. There are large uncertainties due 
to the cut-off procedure, even one assume that the integrals are dominated by the 
region close to the pole [T71 [18]. In this article, we assume the dominating 
contributions of the rescattering amplitudes come from the absorptive parts, which 
originate from the on-shell intermediate states in the decay cascades, the dispersive 
parts of the amplitudes are of minor importance and can be taken into account by 
introducing a phenomenological parameter p, Dis(z) = pAbs(i), p < 30%. 

3 Numerical result and discussions 

The CKM matrix elements are taken as Vcs = 0.97296 ± 0.00024, Va = (41.6 ± 
0.6) X 10-3, Vtb = 0.999100l|]:[|S and Vts = -(40.6 ± 2.7) x lO'^ P [27j. We 
take the next-to-leading order Wilson coefficients calculated in the naive dimen- 
sional regularization scheme for p = frThlmf,) = 4.40 GeV and = 225 MeV, 
Ciifi) = -0.185, C2(/i) = 1.082, Cain) = 0.014, C^ifi) = -0.035, C^in) = 0.009 and 
CeifJ') = —0.041 [19j, here we have neglected the Wilson coefficients C7,C8,Cg,Cio 
in numerical calculation due to their small values. The masses of the mesons are 
taken as Mb = 5.279 GeV, Mk* = 0.892 GeV, Md = 1.87 GeV, Md, = 1.97 GeV, 
Md* = 2.010 GeV and Md* = 2.112 GeV [1], and M^^ = 2.986 GeV [2]. 

The values of the decay constants /d, fos, Id* and /d* vary in a large range 
from different approaches, for examples, the potential model, QCD sum rules and 
lattice QCD, etc |3ni ED For the /^j, we take the experimental data from the 
CLEO Collaboration, Jd = 222.6 ± 16.7^^^ MeV |33l|3l]. The value /d, = (0.274± 
0.013) GeV from the CLEO Collaboration shows the SU{3) breaking effect is rather 
large [3^, = 1.23, while most of theoretical calculations indicate ~ 1.1, we 
take the value /d* = fo = (0.22 ± 0.02) GeV and /d* = fo, = (0.24 ± 0.02) GeV. 

The decay constant /^^ can be estimated with the QCD sum rules [36] or phe- 
nomenological potential models, the values from those approaches are compatible 
with each other, we can take the value /^^ = (0.35 ± 0.02) GeV [SZl ESI EH]- 

The basic parameters A and (3 in the heavy quark effective Lagrangian are es- 
timated with the vector meson dominance theory [281 129], A = 0.56 GeV"^ and 




(19) 
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(g) (h) (i) 




(j) (k) (1) 



1 

Figure 1: The Feynman diagrams for the final-state interactions. 
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(3 = 0.9. The corresponding values of the strong couphng constants are 




2.30 GeV 



-1 



go*D*v 



9ddv 



4.61, 
3.69, 
3.69, 



(20) 



while the values from the light-cone QCD sum rules are much smaller [101 SI]- In 
this article, the strong coupling constants gr,^D* d and gr,^D* d* are estimated with the 
universal Isgur-Wise form- factor at zero recoil ^(1) and the assumption of dominance 
of the intermediate r]c meson for the pseudoscalar heavy quark current cij^c. We 
take the results from the vector meson dominance theory for consistence. However, 
we may overestimate the final-state rescattering effects due to the larger strong 
coupling constants, and have to compensate them with suitable a. 

The parameters a and p are taken to be p = 0.3, a = 1.4 — 1.8. The contributions 
from the rescattering effects are somewhat sensitive to the parameter a (or the 
constant Aj in the form-factors), the Aj is of the order of the mass of radial excitations 
of the charmed mesons [171 HE] . 

Finally we obtain the numerical results for the branching fractions, 

Br(B° ^ r/cK*) = (3.25 - 4.09) x 10"^ (Tree amplitude) , 

Br(B° r/cK*) = (3.90 - 5.31) x 10"^ (Tree+Abs amplitude) , 

Br(B° ^ ricK*) = (4.83 - 6.94) x 10"^ (Tree+Abs+Dis amplitude) , 

Br(B° r^cK*) = (5.7 ± 0.6 ± 0.9) x 10"^ (Experimental data) . (21) 

4 Conclusion 

In this article, we study the final-state rescattering effects in the decay — > rjcK*, 
the numerical results indicate the corrections are comparable with the contribution 
from the naive factorizable amplitude, and the total amplitudes can accommodate 
the experimental data. 
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